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ABSTRACT
Knapke, Clint J. M.S.M.E., Department of Mechanical and Materials Engineering, Wright State
University, 2019. Aerodynamics of Fan Blade Blending.
Blending is a method of fan and compressor blade repair. The goal of the blending
process is to remove stress concentration points such as cracks and nicks along the leading,
trailing, or tip edges of the blade. The stressed areas are typically removed by grinding or
cropping away the surrounding material. For integrally bladed rotor (IBR) disks, repairing
a damaged blade is much more economical than replacing the entire disk. However, the
change in shape of the blade will change the local aerodynamics and result in mistuning,
both structurally and aerodynamically. In a worst case scenario, the change in the aero-
dynamic forces acting on the blades could lead to either flutter or resonant fatigue failure.
This study focused on the effects of the unsteady aerodynamic loading of blended blades.
To examine the phenomena in detail a commercial computational fluid dynamics (CFD)
code was used to predict the loading of a first-stage, transonic turbofan subjected to vary-
ing degrees of blending. The study revealed the effects of the blend are not limited to the
blended blade, as changes in steady and unsteady pressure loading was predicted on the
other nonblended blades on the rotor. A maximum steady sectional loading change of 7%
at 99% span on the blended blade for the maximum sized blend case was predicted. The
unsteady analysis found an 18% maximum change in unsteady 1st mode sectional loading
on the blade adjacent to the blended blade for the 18 engine order excitation at 90% span.
Therefore, the potential for a serious aeromechanics issue exists which requires an unsteady
aerodynamic analysis to be performed. It is difficult to determine the true aeromechanical
effects without a coupled aerodynamics/structural analysis, but this aerodynamic loading
investigation suggests larger blends could be safely used and should be analyzed.
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Introduction
Gas turbine engines are incredible pieces of machinery. Millions of people rely on these
engines every day to get from point A to point B. Therefore, it is imperative to ensure the
health of these engines. The entire gas turbine engine is a wonderful feat of engineering.
There are very harsh operating conditions in every section from the compressor to the
combustor to the turbine. However, the focus of this research is on the loading of a first
stage fan.
1.1 Motivation
The fan and compressor are at the front line when in comes to damage from foreign objects.
The job of the compressor is to suck in air and compress it for the combustor. But there
are times when more than just air is sucked into the engine. During take off and landing
small objects on the ground such as rocks, debris, or sand can be sucked into the opening
and cause damage or erosion of the blades [16, 20]. Also, at many different altitudes birds
can be sucked into the engine and cause damage to the blades [7, 29].
Damage is often seen in the form of cracks along the leading edges or tips of the blades
[16]. With the rotors subject to incredibly high RPM and therefore centrifugal forces, the
cracks are likely to propagate due to tension. If the crack goes unnoticed or untreated part of
the blade could separate from the disk, hence causing more damage to blades downstream.
If enough damage is received, the compressor will not be able to keep up with the demands
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Figure 1.1: A small gouge on the leading edge of a blade. Image from [6].
of the combustor and lose thrust. Figure 1.1 shows a blade with leading edge damage.
To prevent further damage from crack propagation, the crack needs to be removed. In
a slip-in blade configuration the damaged blade can be replaced with a conformal blade.
However, this does take some time and may result in delays when time is of the essence.
Also, with the increased use of Integrally Bladed Rotors (IBR) where all of the blades
are connected to a central hub, individual blades cannot be replaced in a practical manner.
And financially it is not feasible to replace the entire rotor, so repairing the damaged blade
becomes a desirable option.
A common form of blade repair is a procedure known as blending. Blending is a
technique used to remove a stress concentration point, such as a crack, by grinding or
cropping away the metal around the damaged region. This prevents further crack growth,
thus protecting the blade from a catastrophic break. This is a common procedure in the
field, however, the effects have not been well studied. Figure 1.2 shows an example of a
blend at the tip of a blade. This shape differs from the ones studied in this report.
When repair techniques such as blending are used, the local aerodynamics surrounding
the blended blade deviate from designed values. The change of flow results in a change of
2
Figure 1.2: An example of a tip blend. Image from [6].
aerodynamic loading, not only on the blended blade, but the nearby blades as well.
Understanding the change in the steady and unsteady aerodynamic loadings on each
of the rotor blades is important. A change in loading could reduce the life expectancy
of some of the blades due to increased fatigue. Also, it could potentially excite resonant
frequencies of the blades or induce flutter. Therefore, it is important to understand the
effects that blending will have on the steady and unsteady aerodynamic loadings.
1.2 Objective
The goal of this research is to better understand how fan rotor blade manipulation in the
form of blending can affect the aerodynamics of a fan stage in terms of the overall per-
formance of the fan. The overall performance of the fan includes the life of the fan. By
parametrically varying the blend size a computational flow solver is used to capture the
change in aerodynamics acting within the fan. This allows a better understanding of how
blending affects the aerodynamic loading of the fan. The results are analyzed to determine
whether there are any negative effects on the loading of the blades. Future projects will
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likely combine the aerodynamic and structural analysis to ensure the combined aerody-
namic and vibrational mistuning does not lead to high cycle fatigue (HCF) concerns.
1.3 Approach
During this investigation several depth variants of a typical blend shape were imposed on
a computational model of a transonic fan stage. A commercial CFD solver was used to
simulate the flow field. Unsteady results were obtained using the computationally efficient
harmonic balance solver. Five cases were studied, a “clean,” unblended case, and four
parametrically sized blends based on industry standard practices for a similar rotor.
Traditional steady state and harmonic balance CFD techniques include modeling a
single blade passage that is periodically transformed to simulate a full annulus thus using
only a fraction of the annulus as the computational domain. However, if only a single
passage were used to model the blended blade, it would be as if each blade in the row were
blended due to the periodic boundary conditions. The goal of this research is to isolate the
effects of a single blended blade. To do this several unblended buffer blades were added
to each side of the blended blade. This increased the size of the model and increased the
computational effort.
Several tactics were used to analyze the resulting flow fields. First, the performance
data, such as pressure ratio across the stage and the mass flow at the inlet and outlet were
compared. But, the biggest area of concern was the loading on each of the blades. Each
of the blended cases were compared to the unblended case to observe the variation and
magnitude of loading for each case. In addition other flow parameters were investigated to
yield a greater understanding of the flow physics besides the performance characteristics.
Visually inspecting the flow domain was used to investigate changes in shock structure
around the blended blade.
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Background
To better understand the history of blending and other studies that have been accomplished
a literature review was completed. Focus was put on different forms of damage and how
each affects the blades. Also examined was the current research on blade blending from a
CFD approach to finite element analysis.
2.1 Gas Turbine Deterioration and Damage
As with most machines with moving parts, some wear and tear is expected in a gas turbine
engine over time. The focus of this thesis is on the compressor section of the engine;
therefore, the combustor and turbine areas will not be addressed. For compressors there
are three main contributions to performance deterioration: increased tip clearance, airfoil
surface roughness resulting from the buildup of deposits or erosion/fouling of the surface,
and changes in airfoil geometry (cracks/dents) [21, 26, 5, 8, 15]. A reduction in efficiency
of the compressor is associated with a lower pressure (p) and a higher temperature (T ) [21].
ρ = p/RT (2.1)
The Ideal Gas Law, shown in Equation 2.1, shows this results in a decrease in density (ρ)
[21].
In the case of tip wear and surface erosion, there really is not any way to recover the
performance losses. The losses in the tip area pose a big potential threat as increasing the
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tip clearance by 2.5% chord can decrease the stage pressure ratio by as much as 15% [21].
Singh et al. studied the effects of sand erosion on reduced compressor performance.
Sand ingestion leads to erosion of the blades which increases the surface roughness, de-
forms the leading and trailing edges and increase the tip clearance [26, 3]. They found that
an increased surface roughness contributes more to the reduction in pressure ratio than the
increased tip clearance [26]. They also found the increased tip clearance contributed more
to a reduction in adiabatic efficiency than the added surface roughness [26].
In the case of surface deposits, some of the losses can be recovered by washing the
blades [27]. Stalder argues both regular on-line and off-line washing helps to improve
performance of the compressors [27]. But care needs to be taken during this process as
washing can also lead to erosion of the blades [6].
The case of changes in the airfoil geometry can be tougher to overcome. For an
optimized blade, any small changes in the shape of the blade is going to decrease the
performance. And often times when large foreign objects cause damage, multiple blades
can be damaged or deformed. Figure 2.1 shows consecutive blades with bent corners. If
replacement is not an option, repairing these blades is a must to reduce the added drag from
the bent corners.
Most cases are not this bad and result in much smaller dents and scratches. But in the
case of a large deformation as shown in Fig. 2.1 or the development of a crack in the blade
repairing the blade is the best option. As mentioned in the introduction, blending is the
most common form of blade repair for an IBR fan.
2.2 Blending Borescope Inspection
Blending is and has been the standard way of repairing damaged fan and compressor IBR
blades. To improve the repair process Pratt and Whitney introduced their version of a
blending borescope inspection (BBI) system in 1989 [2]. This new process allowed for
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Figure 2.1: Compressor blades bent at the leading edge tip. Image from [6].
on wing blending repairs. The ability to repair blades without removing the entire engine
from the wing was a revolution in the service field. This led to big savings in labor and
allowed for less downtime of the aircraft which also saves money. According to Pratt and
Whitney in 1998, if the United States Air Force would approve and use BBI repairs across
an estimated fleet of 750 engines the Air Force could potentially save in excess of $29.3
million in repair costs [2].
Although blending is able to remove cracks and other stress concentration points from
blades the process has to be done very carefully to ensure safe operation post-repair. Spe-
cial attention needs to be paid to the surface finish. As mentioned previously in several
references [26, 3, 21], a rough surface finish can reduce the performance of the system.
Figure 2.2 shows an example of a BBI machine in use for a leading edge blend repair. With
interchangeable heads the tool is used to remove cracks and polish the resulting surface [1].
The camera attached allows the operator to see what the tool is doing.
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Figure 2.2: An example of a borescope blend inspection tool. Image from [1]
2.3 Computational Analysis
The concept of repairing fan and compressor blades is not new. However, there has not
been a lot of research to examine the effects of blending until recently. A majority of the
research performed is focused on the structural impacts of the mistuned rotor. Authors
Tang et al., Beck et al., Hanschke et al., and others have tackled some of these problems
[28, 4, 16, 6]. CFD analysis has been used to examine some blending problems, but the
literature is scarce. Ekici et al. and Hanschke et al. reported some CFD work to analyze
this problem [10, 11, 17].
2.3.1 Aerodynamic Blend Analysis
Ekici et al. reported the most relevant CFD research of blended rotors. Much of their work
has been accomplished on linear cascades and unloaded helical blades. The linear cascades
were modeled as two dimensional geometry (Fig. 2.3(a)) equivalently making the entire
leaded edge blended. They studied two different blend sizes on the cascades, a 1.4% chord
blend and a 5.3% chord blend. The two blends were applied to two different set-ups; a
“worst case scenario” alternating blade pattern and a more realistic every fifth blade pat-
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tern. In the unforced response case they discovered alternate blade blending reduces the
aeroelastic stability [10]. They also showed the size of the blend effects the stability as the
larger blend was less stable than the smaller blend [10]. In the five blade set-up they found
the blending to have much less impact on the stability [10]. The five blade case was also
subjected to forcing function in another study. Here Ekici et al. determined “frequency
mistuning will generally result in higher amplification factors than aerodynamic asymme-
try” [11]. This suggests the blending effects will be negligible compared to frequency
mistuning such as blade spacing and blade angle.
The helical blades were represented by a three dimensional geometry shown in Fig. 2.3(b)
including the style of blend they used for leading edge damage. They used a blend depth
of 10% chord with a maximum depth located at 83% span [10]. In their analysis, Ekici et
al. concluded for the helical blades the presence of the blend had a small improvement on
the overall stability for alternate blends and blends spaced five blades apart [10].
(a) (b)
Figure 2.3: Ekici et al. blend set up for linear cascades (a) and helical blades (b). Images
from [10]
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CFD
Computational fluid dynamics is a powerful tool used to analyze complex flows that are dif-
ficult/impossible to investigate analytically and/or too expensive to do experimental testing.
CFD does this by breaking a fluid volume into smaller cells known as a mesh. Then the
complex governing fluid dynamics equations are discretized at each point or in each con-
trol volume of the mesh. By solving the equations at each point the flow can be resolved
throughout the mesh. This typically requires many iterations to achieve an appropriate level
of accuracy.
3.1 Steady State Solvers
The commercial CFD software used (STAR-CCM+ R©, version 13.04, Siemens PLM Soft-
ware) solves the governing fluid dynamic equations with a finite volume approach. For
the steady state analysis a second order, implicit, coupled flow solver was used. Implicit
schemes are typically more stable and allow for a higher Courant number to be used. This
can increase the size of the pseudo time steps thus increasing the speed of convergence
while remaining stable[23]. Therefore, implicit schemes are typically preferred over ex-
plicit schemes in commercial codes. Also, the order of accuracy is important. A scheme
with a higher order of accuracy can theoretically yield better results; however, some higher
order schemes become more unstable and harder to converge[23].
For most commercial CFD codes the Reynolds-Averaged Navier-Stokes (RANS) equa-
tions are used to resolve the flow domain. The RANS equations are an averaging of the
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full Navier-Stokes equations for the conservation of mass, momentum and energy. Direct
numerical simulation (DNS) can be used to directly solve the Navier-Stokes equations, but
most codes typically opt for the averaged forms of the equations. However the RANS
equations alone are not enough to complete the calculation as there are more unknowns
than there are equations. The extra unknowns are referred to as the Reynolds stresses.
To complete the system of equations a turbulence model needs to be used to resolve the
Reynold’s stresses[23].
Turbulence modeling is an important aspect of most RANS CFD simulations. There
are many different turbulence models that have been created, with very specific applica-
tions. It is important to pick one that is best suited for the type of CFD simulation being
run to properly resolve the turbulent areas. Of the options available in STAR-CCM+ R© the
Spalart-Allmaras model was selected. This model was chosen for its high use in aerospace
applications[25] including similar studies[17, 24]. Also, the Spalart-Allmaras model is a
one equation model. For this study, significant computational resources were utilized to
resolve the relative flow physics so a single equation model was selected as a more compu-
tationally efficient method compared to other two equation models.
3.2 Unsteady Solvers
As noted, speed and computational efficiency was a big focus of this research. So to get the
desired unsteady results, the type of solver selected was an important choice. A traditional
unsteady RANS (URANS) models would require the modeling of the full annulus. This
would allow us to truly isolate the blend by only modeling one blended blade in the rotor
blade row. However, the full annulus model would be very computationally expensive to
run due to the large grid, and the time stepping technique of the URANS model would take
a prohibitive amount of resources making the investigation impossible. Instead a reduced
order model to simplify the simulation and speed up the process is desired. For turbo-
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machine applications with repeating flow patterns, the harmonic balance technique is a
viable option.
3.2.1 Harmonic Balance Technique
Harmonic balance techniques take advantage of the repeating flow pattern by transforming
the time-domain into the spectral or frequency-domain using a Fourier transform[14, 12, 9,
13]. Then a pseudo-time is added to the formulas to iterate the simulation using traditional
steady state techniques. Using the frequency domain and the pseudo-time marching allows
all of the “physical time” data to be solved simultaneously[13]. This can greatly reduce
the computational cost. A typical URANS simulation on average requires three orders of
magnitude more computing resources[18] compared to a steady flow solution. Therefore, it
was a easy decision to move forward using STAR-CCM+’s version of the harmonic balance
technique. However, the accuracy of the solution is greatly dependent on the number of
modes used in the solution. Modes correspond to the terms kept in the Fourier transform.
The more terms used results in a higher fidelity solution, but the more terms kept can add
greatly to the number of equations the program needs to solve. If the proper balance isn’t
found the resulting solutions can be a poor representation of the actual flow or potentially
be just as time consuming and expensive as a full URANS simulation.
3.2.2 Harmonic Balance Parameters
For all of the harmonic balance simulations ran during this study the number of modes
used was kept consistent. Modes are specified for the upstream wake, the rotor and sta-
tor regions, and the non-reflecting boundaries. The wake defined at the inlet used three
modes. The rotor region also used three modes. The stator region used zero modes because
there are no other flow features downstream that require this information to be passed on.
Each of the non-reflecting boundary conditions, including the mixing plane boundary at the
outlet of the rotor and inlet of the stator regions, specified ten modes. The non-reflecting
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boundaries are used to prevent numerical refection of data back into the flow domain[25].
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Simulation Components
4.1 Geometry
The geometry used is the Parametric Blade Study (PBS) Rotor Four. Regarding the back-
ground of this study, there were eight different PBS Rotors (one baseline and seven varia-
tions). All the PBS rotors were designed to test different aspects of the blade design and
its effects on the performance of the single stage[22]. According to Law and Putterbaugh,
PBS Rotor Four was designed to, “investigate the effect of the suction surface shape ahead
of the leading edge passage shock on performance and to determine the interrelation of the
suction surface shape and the cascade throat area.” Other parameters tested by the other
rotors include: chordwise location of maximum blade thickness, “effective camber”, and
leading edge sweep. Figure 4.1 shows the stage geometry.
Figure 4.1: Computational model of PBS Rotor Four stage.
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There are twenty rotor and thirty-one stator seventeen inch diameter blades compris-
ing the PBS Rotor Four transonic fan stage. At design point, the rotational speed is 20,200
RPM, the mass flow rate is 60.5 lbm/s and the total pressure ratio across the stage is
1.92[22]. Figure 4.2 from Law and Putterbaugh’s report shows the performance curves
for several different speeds.
Figure 4.2: PBS Rotor Four performance curve.
4.2 Test Article
Inside the software a computational domain is created on which the simulation is solved.
All surfaces are defined as a boundary and the group of boundaries makes up a border.
Inside the borders represents the fluid area, the mesh is generated in this area for the so-
lution of the finite volume method. Figure 4.3 shows an example of the boundaries used
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in the models. For this project a separate rotor and stator section are modeled. A rotating
reference frame is used to simulated the 20,200 RPM rotation of the rotor while the sta-
tor remains stationary. A special boundary condition called a mixing plane is required in
between these two sections. This helps to transfer the data in between the two sections.
Figure 4.3: A sample of the CFD domain used for the simulations.
Figure 4.3 also shows the boundary specifications. The purple and orange surfaces
represent a stagnation inlet and pressure outlet respectively. To achieve the desired flow
conditions the pressure at the pressure outlet was varied. This helped to control the mass
flow rate and pressure ratio across the stage. The pressure at the outlet was set based on the
unblended case and kept consistent with the other cases.
The yellow surfaces are set as periodic boundaries to simulate a continuous rotor while
only modeling a sector. For a typical steady state and harmonic balance simulation, a single
blade from each row can be discretized with periodic boundaries on each side. However,
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for this study, it is desired to isolate the blend as much as possible. Therefore, a sector of
blades was discretized: one blended blade surrounded by several design-intent blades on
either side. The simulations were set up this way to reduce potential amplification due to
multiple blended blades. Figure 4.4 shows packet configuration of seven blades used for the
CFD. The red circle highlights the blended blade. And the numbering system used in this
image is used throughout the rest of the paper. With the blended blade being indicated as
blade zero and the upstream and downstream blades are respectively indicated with a plus
(+) or minus (-) sign. The numbers represent the distance away from the blended blade.
Figure 4.4: A packet of rotor blades are shown, the blended area is circled in red.
4.3 Blade Independence Study
Similar to a mesh convergence study, a blade independence study was conducted. This was
to determine the number of unblended buffer blades needed to “isolate” the effects of a
single blended blade. This was to prevent as much as possible the effects of the blend from
interacting with the next blend downstream thanks to the periodic boundaries. The first test
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was on a seven blade packet. The blend was centered with three unblended blades on either
side (Fig. 4.4). In addition to the seven blade study, a half annulus (ten blade) case was run.
The half annulus model was selected to increase distance between the blended blade and
the periodic surface, yet not be so time consuming as a full annular model simulation. Both
models featured one blended blade matching the largest blend studied. The largest blend
was chosen for comparison because it’s effects were expected to propagate the furthest
around the annulus.
To compare the half annulus model to the seven blade model, a surface integration
of the steady state pressure was performed to measure the net aerodynamic force acting
on each blade. The force was broken down into cylindrical components and the tangential
loading was calculated for each blade. The tangential loading is significantly larger than
the other cylindrical coordinates and generally represents the full aerodynamic loading of
the blade.
Figure 4.5 shows the tangential component of the force on each blade in the seven
blade model and the ten blade model. The values were normalized based on the average
tangential force acting on each blade of an unblended case. For better comparison between
the two simulates blade +2 and +3 from the seven blade case were transposed to blades -4
and -5. This is the equivalent values had the blades been on the other side of the periodic
boundary.
As seen in the graph, the loading of the blades near the blend is very similar between
the two cases. This includes blades +1 through -5. There is some variation on the blended
blade and blade -4. Both are still within 0.5% of each other. The unblended test case which
was used as the normalization values also showed some variation from blade to blade due to
numerical error. The difference between the maximum and the minimum values was 0.4%.
Therefore, a difference of 0.5% is not a huge concern. However, the oscillating nature of the
forces from blade to blade were initially causes for concern as it appeared the force never
really settled down by the time the next blend was reached (especially for the seven blade
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Figure 4.5: Maximum blend blade independence study.
model). After examining blades +4, +3, and +2 in the ten blade model, all of the values
are pretty level and close to the average unblended force. Therefore, the results shown in
the blade independence study determined the seven blade model adequately captured the
effects of the blended blade, especially since this was the largest sized blend and the effects
were expected to dissipate sooner with the smaller blends. The seven blade model is used
for all the remaining results presented.
4.4 Mesh
For this study an unstructured polyhedral mesh was constructed for each blend case studied.
A typical mesh is shown in Fig. 4.6. Surface curvature based refinement was applied to
increase the number of cells near tight curves such as the leading and trailing edges of the
blades to better capture flow gradients in these areas. This was especially important because
the goal was to capture the change in flow around the blend. Without proper meshing some
of the flow detail could be lost.
A mesh convergence study was conducted in previous research. Reilly showed the
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Figure 4.6: Polyhedral mesh shown at 75% span.
mesh was capable of correctly solving the flow over the PBS rotor 4 using about 15 million
cells in the rotor section[24]. The meshes generated for the seven blade configuration of
the current blend study included about 35 million cells in the rotor section. With the extra
blades included, at first glance this number does not scale with Reilly’s work; however,
his model featured an extended inlet that included the entire spinner cone and some extra
volume further upstream. Reilly’s research was investigating inlet distortion and, therefore,
it was necessary to model the extended inlet section. The extra upstream volume was not
necessary for this study. With that portion of the volume omitted a comparable amount
of cells were modeled per blade passage (approximately 5 million). Table 4.1 shows the
cell count for the mesh used on each of the cases. Based on Reilly’s study of the same
geometry, it was determined that to repeat the mesh convergence study was unnecessary.
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Table 4.1: Mesh cell count per case
Mesh in millions
Case Rotor Stator Total
0- No Blend 35.4 2.3 37.7
1- 2.2% Blend 35.3 2.3 37.7
2- 4.4% Blend 35.3 2.3 37.6
3- 6.5% Blend 35.4 2.3 37.7
4- 8.7% Blend 36.0 2.3 38.3
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Methodology
5.1 Blend Description
Four different sized blends were modeled and analyzed. This resulted in five different
simulations being studied. One for each size blend and one case without any blends for
comparison purposes, the control. The blend shape used in this study is often referred to
as a “dog-ear” blend. This particular blend is found at the tip corner of the blade, with
the cut-away making a triangle (dog-ear) between the leading edge and tip surfaces. An
example blend is shown in Fig. 4.4 and Fig. 5.1.
Case 0 is the control case where none of the blades are blended but to keep the sim-
ulations consistent seven blades were still modeled. The blends progress in increments
of 2.18% leading edge span. The leading edge is 5.74 inches from tip to hub so Case 1
features an 1/8” blend or a 2.2% span blend. The next cases are systematically increased
resulting in Case 2 being blended 4.4% span, Case 3 being blended 6.5% span, and Case
4, the maximum size, being blended 8.7% span. The different sizes are illustrated with the
red lines in Fig. 5.1.
Also shown in Fig. 5.1 are some of the different spans at which simulation results
were sampled for study. The spanwise locations were normalized by the leading edge
span. Due to the conical shape of the hub, 35% was the lowest span sampled for study. It
is also worth noting the 90% span line fell below (i.e., radially inboard of) the maximum
blend. Therefore, 90% was used for much of the comparative analysis because the full
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Figure 5.1: Blade 4 showing the different sizes of blends used in each case highlighted by
red lines. The gold lines display different spans used in the analysis.
blade section was available on each of the blades for each of the cases. Also, 90% span is
typically close to the location of the first bending mode. A structural analysis is beyond the
scope of this project; however, it is still important to note this is an area of focus.
5.2 Convergence Criterion
Reaching a converged state in a numerical solution is very important. All numerical solu-
tions are prone to error due to the choice of scheme, round-off error, etc. However, even if
the perfect scheme is selected and implemented properly with all of the proper conditions
the simulation may not be an accurate representation of the physical flow if not allowed to
sufficiently converge.
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5.2.1 Steady State
In order to reach an accurate state the solution must be allowed to work out all of the
transient effects from stating up and converge to a single steady solution. In this study the
convergence of the steady state simulations were judged by a combination of performance
data and computational residuals. The mass flow rate at the inlet and exit planes were
monitored. Then the percent difference between the inlet and outlet mass flow rates was
used as guideline for convergence. This was used similar to a residual, when the mass flow
at the inlet and outlet were close to the same value the percent difference dropped, the lower
the value the closer they were.
The total pressure ratio between the inlet and outlet was monitored to ensure it settled
to a single value. This was also done for the mass flow rate. The percent difference of the
mass flow rate shows how close the values are, but it does not ensure those values have
settled to a single value.
For all of the steady state simulations the residuals were dropped four to five orders of
magnitude. This was often the last criterion to converge as the mass flow rate and pressure
ratio typically settled several thousand iterations sooner.
After the first couple of trial runs it was determined 17000 iterations was sufficient to
reach all of the convergence criteria. A macro was set up to control the simulations and
keep the simulation process the same for each of the cases.
5.2.2 Harmonic Balance
Similar techniques were used to determine convergence of the harmonic balance unsteady
solutions. The harmonic balance simulation starts from a converged steady state solution.
So the initial change typically causes flow parameters to diverge at first. Then as the pro-
gram iterates the solution begins to converge again. It typically took between six to seven
thousand iteration to reach a converged state in the harmonic balance simulations. The
residuals and mass flow percent difference typically did not reach the same order of mag-
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nitude as the steady state simulations. However, each simulation was run to a point where
the time averaged parameters were steady.
5.3 Unsteady Wake
To introduce unsteadiness into the flow an upstream wake is used. For the unsteady results
two different wakes were tested. With the change in the geometry it is unknown what
engine orders are expected to excite resonance in the rotor. Therefore two different engine
orders were selected based on previous research. To compare with Reilly’s research a two
engine-order sine wave wake was developed to create a similar profile to his work with
inlet distortion[24]. Figure 5.2 shows the total pressure at the inlet when the two engine
order wake is in place.
Figure 5.2: Two engine order wake to simulate inlet configuration distortion.
The other wake features an eighteen engine-order Gaussian wake. The Gaussian wake
creates a profile similar inlet guide vanes upsteam. This is comparable to work done by
Johnston and Fleeter. They used a similar style nineteen blade rotor with eighteen inlet
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guide vanes[19]. Figure 5.3 shows the total pressure at the inlet when the eighteen engine
order wake is in place.
Figure 5.3: Eighteen engine order wake to simulate inlet guide vanes.
To keep the simulation comparable the same wake defect was used for both the wake
styles. The defect used was 0.2, the same Ekici et al. used in their paper[11]. The sine wave
wake followed a sine function, whereas, the Gaussian wake required a width be defined.
The width was set to 0.15, the same Ekici et al. used in their paper[11].
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Steady State Results
6.1 Pressure Contours
First, the steady state CFD results will be discussed. The presence of a blended blade in
the domain changes the local shock structure near the blend and therefore the pressure dis-
tribution and loading.The Mach number contours at 90% span shows the change in shock
structure near the base of the blend (Fig. 6.1). Most of the obvious change is shown sur-
rounding the blended blade, but there are also some differences in the nearby blades as
well. Looking closely at the shock from the blended blade reveals some differences. The
shock from the leading edge of the blended blade directly hits the suction surface of blade
+1 so there are some definite loading changes on blade +1. Otherwise most of the effects
are seen in the wake of the blend on blades 0, -1, -2, -3, and even blade +3 on the other
side of the periodic boundary. One of the biggest changes is seen on the suction side of the
blended blade. it is seen how the red area of higher Mach number behind the shock does
not extend out from blade 0 the way it does from the other blades. This also appears to
affect the shock from the leading edge of blade -1. It does not appear to affect the shock
profile of the other blades. The loading on blade +2 remained pretty consistent throughout
all of the cases and based on the setup of the simulation should be the least effected by the
blend. Therefore, blade +2 was used to compare to the blended blade in the figures below.
The Mach number is closely related to the pressure. So looking at the pressure at 90%
in Fig. 6.2 shows a very similar profile. The biggest changes are along the suction side of
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Figure 6.1: Relative Mach number plot at 90% span for the largest sized blend.
the center, blended blade. An area of lower Mach number and higher pressure is behind the
bow shock. And on the pressure side of the blended blade, the passage shock has a profile
that is different for the other passages.
Figure 6.2: Pressure plot at 90% span for the largest sized blend.
Through these images the blend has an effect on the flow field and although it may
not be easily visible there are definite subtle changes throughout most of the rotor. When
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the flow field is viewed at 99% span, near the tip, the changes seem to be more localized.
A bright red area of high Mach number is directly behind the blend on blade 0. This level
of Mach number is not anywhere else in the flow. There are also changes in the passage on
either of the blended blade. Most notably an area of low Mach number in between blade
0 and +1. On the contrary, in the same area between blade 0 and -1, the Mach number is
higher compared to the other passages.
Figure 6.3: Relative Mach number plot at 99% span for the largest sized blend.
Figures 6.1, 6.2 and 6.3 show the flow field values and some of the shock structure
present in the field at different spans, but the surface pressures are a better representative of
the forces on the blades. It is these forces which will effect the structural life of the blades
(i.e. the whole reason for blending in the first place). As shown in the figures above most
of the change in pressure is on the suction side of the blended blade. Figure 6.4 shows the
pressure distribution on the blended blade, blade 0, for each case. As the size of the blend
is increased the change in pressure profile becomes more evident. And the area of higher
pressure noticed in Fig. 6.2 at 90% gets larger as the blend size is increased.
6.2 Aerodynamic Forces
Although the images show some distinct changes to the pressure profile on the blades and
throughout the flow field, the amount of change is hard to quantify. The proper way to
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(a) Case 0 (b) Case 1 (c) Case 2
(d) Case 3 (e) Case 4
Figure 6.4: Suction side of blended blade (blade 0) for each case. Pressure is shown in
Pascals
quantify a change in loading is to integrate the pressure on the surface to calculate a net
force. Because the rotor is axially symmetric, the tangential component of the force acting
on the blades was used as the comparison factor. The results are organized in Table 6.1.
The numbers have been normalized to the average values from all of the blades in Case
0. Looking at Case 0, ideally all of the blades would experience the same loading because
it is the unmodified geometry. However, there are some small differences from blade to
blade due to computational error that is present in all numerical simulations. This does,
however, give a tolerance range for the numerical error. Going from the maximum value to
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the minimum value the error is ±0.2% from the average.
When analyzing Cases 1-4 some trends become evident. The loading on blade 0 (the
blended blade) typically decreases as the blend size gets larger. However, it is noted for
Case 1 the value goes up slightly. Another trend is the increase in force on the preceding
blade, blade +1. This trend of increasing force is also seen on blade -3. It was surprising to
see the magnitude of the change on blade -3 is larger than blade 0 for the maximum blend.
It is also surprising how the loading drops on blade +3 as the size of the blend is increased
and even drops lower than the blended blade for the maximum blend case.
Table 6.1: Normalized tangential loading on each blade
Blades
Case +3 +2 +1 0 -1 -2 -3
0- No Blend 1.002 0.999 1.000 1.000 1.002 0.998 0.999
1- 2.2% Blend 1.000 0.999 1.002 1.002 0.998 1.000 0.999
2- 4.4% Blend 0.999 0.998 1.006 0.994 0.999 1.000 1.003
3- 6.5% Blend 0.993 0.998 1.009 0.990 0.997 1.001 1.010
4- 8.7% Blend 0.986 0.993 1.011 0.988 0.992 1.005 1.020
It is important to examine the values show in Table 6.1; however, these trends are
much easier to identify when viewed in a graph. Figure 6.5 shows the normalized force
on the y-axis compared to each of the blades on the x-axis. Each case has a corresponding
line that shows the variation from blade to blade. Here it is seen none of the blades show
a linear change from case to case. Perhaps the most surprising results are the big differ-
ences between blades -3 and +3 which are equivalent to adjacent blades due to the periodic
boundary conditions. This was confirmed not to be reflective effects from the boundary
conditions as the ten blade model (discussed previously in Section 4.3) showed the same
trends for blades -3 and -4 with extra blades on each side. Another thing to note is the
small changes in loading overall. Yes it was intriguing how blade -3 in case 4 was further
from the average than the blended blade; however, the loading on blade -3 is less than two
percent higher than the average unblended blade. So although this graph appears to show
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Figure 6.5: Normalized tangential force component over each blade.
some shocking trends, the magnitude of those changes are very small.
6.2.1 Sectional Force
The previous results integrated the pressure over the entire blade to get a blade force. It
is also beneficial to look at the pressure distribution and loading over a single span of
the blade, i.e. a sectional pressure distribution. Figures 6.6 and 6.7 show the pressure
distribution over each of the blades at 90% span in cases 1 and 4. It is easy to see the
difference between the two cases. With the small blend (Fig. 6.6) there are only slight
variations from blade to blade. The only noticeable change is on the suction side where
blade 0 deviates a little. Whereas, for the large blend case (Fig. 6.7) there is much more
variation. This graph corresponds to the pressure flood shown in Fig. 6.2. As noted earlier it
can be difficult to identify minor differences in the blade to blade variation. But when they
are plotted together the subtle changes are more noticeable and the large changes are much
easier to quantify. On the suction surface, blade 0 (blended blade, shown in light blue)
varies greatly from the other blades. The area of higher pressure behind the leading edge is
easily distinguished from the other blades. On the pressure surface there is some variation
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on all of the blades; however, blade -1 (immediately behind blade 0 in the direction of
rotation, shown in red) shows the biggest change.
Figure 6.6: Steady state loading at 90% span for Case 1: 2.2% Blend.
By integrating the pressure along the blade profile contour, a sectional force was cal-
culated. Pressure predictions like the profiles shown in Figs. 6.6 and 6.7 were integrated at
5% span increments starting near the root at 35%. Once 90% span was reached the spacing
was reduced to 2.5% span with 99% substituting for 100%. Again the tangential compo-
nent of the sectional force was used for the comparison between the blades. The values
were calculated and normalized to the average value of the sectional force on all of the
blades in the unblended case at 35% span.
Figure 6.8 displays the sectional loading on just blade 0 for each case. Near the root
at 35% span there are only small fluctuations from cases to case with a total spread of 1.2%
from the maximum to the minimum. The peak of the loading is between 80 to 85% span.
However, there does appear to be some overlapping of the profiles from 65% to 75% span.
With the number of data points used it is hard to tell, but it appears the overlapping may
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Figure 6.7: Steady state loading at 90% span for Case 4: 8.7% Blend.
be due to the peak loading point shifting slightly downward in span as the size of the blend
goes up.
Moving up into the blended region the differences between the cases becomes more
apparent. The trends roughly follow the data earlier in Table 6.1 where the loading on the
blended blade trends downward. Not surprisingly the biggest change is at 99% span where
the full depth of the blend is experienced. In the 99% span there is a difference of 7% in
the sectional loading on the unblended blade compared to the case 4 blended blade. It is
also important to note for cases 0 through 3 the loading at 99% was slightly higher than at
97.5%. However, the opposite is true for case 4 where the loading at 99% is slightly lower
than at 97.5%.
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Figure 6.8: Normalized sectional loading on blade 0 of each case.
6.3 Steady State Remarks
The steady state analysis revealed some interesting trends. First, it showed some obvious
changes in the shock structure of this transonic flow field. This was shown in the pressure
contours. Also, examining the steady state solutions revealed loading over the entire blades
only experienced small changes of 2% or less compared to the unblended model. And
surprisingly as the size of the blend increased, the surrounding blades were effected than
the blended blade. Finally, the sectional loading revealed not surprisingly, the most change
is observed in the tip region, but also there is small changes close to the root as well.
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Unsteady Results
The unsteady, harmonic balance simulations were divided into two parts. Two separate
upstream wake patterns were used to excite the rotor. The two patterns used were an eigh-
teen engine order (18EO) Gaussian wake to simulate inlet guide vanes upstream and a two
engine order (2EO) sine wave wake to simulate a pattern typical of an inlet distortion.
7.1 18 Engine Order Wake
The eighteen engine order (18EO) data was investigated first. Starting from the finished
steady state simulation the boundary conditions were changed to utilize the harmonic bal-
ance solvers. Starting with the unblended case, there is little difference between the time
averaged, harmonic balance and the steady state results. This suggests good unsteady con-
vergence as well as appropriate modeling of the unsteady flow features with respect to the
number of harmonic balance modes included.
Investigating the operating point parameters, there is a small change from the steady
state to the harmonic balance results. The steady state operating point variables are shown
in Table 7.1 and the eighteen engine order data is shown in Table 7.2. For both sets of
runs the mass flow rate and the pressure ratio decrease slightly as the size of the blend is
increased. But comparing the two data sets to each other it is evident the mass flow rate is
consistently higher for the harmonic balance solutions. This puts the operating conditions
sightly closer to the stall line. A small adjustment of the back pressure would have likely
returned to the design point, but to keep all of the simulations consistent the back pressure
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was held constant for all of the simulations. Also note the mass flow percent difference
inlet to outlet was typically one order of magnitude lower for the steady state solutions.
Table 7.1: Steady State flow variables
Mass Flow
Case Inlet (lb/s) Outlet (lb/s) % Diff PR
0- No Blend 60.49 60.50 3.71E-05 1.922
1- 2.2% Blend 60.49 60.49 3.37E-05 1.922
2- 4.4% Blend 60.48 60.48 3.85E-05 1.921
3- 6.5% Blend 60.46 60.46 3.70E-05 1.921
4- 8.7% Blend 60.43 60.43 3.84E-05 1.921
Table 7.2: 18 EO Harmonic Balance flow variables
Mass Flow
Case Inlet (lbm/s) Outlet (lbm/s) % Diff PR
0- No Blend 60.75 60.76 1.30E-04 1.915
1- 2.2% Blend 60.75 60.75 1.23E-05 1.915
2- 4.4% Blend 60.74 60.74 3.65E-05 1.914
3- 6.5% Blend 60.72 60.73 1.35E-04 1.914
4- 8.7% Blend 60.70 60.70 8.75E-06 1.914
This shows the introduction of the unsteady wake changed the overall average operat-
ing point very slightly; but how does the blend impact the unsteady pressure/forces on the
blades? As with all unsteady harmonic balance simulations, there are multiple harmonic
pressure profiles to investigate.
7.1.1 Zeroth Harmonic (Time Averaged)
The zeroth harmonic is the same as the time averaged steady solution and was used to
compare against the steady state data. Figure 7.1 shows the time averaged pressure flood
for the case 4 18EO simulation at 90% span. Referencing back to Fig. 6.2, the images
appear very similar. The shock structure, the magnitude and the blade to blade variations
all look reminiscent of the steady state equivalent.
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Figure 7.1: Harmonic balance mode 0 pressure at 90% span for case 4.
The main changes are again surrounding the blended blade, blade 0. The passage in
between blades 0 and +1 looks different than the other passages. Then on the other side of
the blended blade there is an area of higher pressure behind the leading edge and the shock
from blade 0 is not as strong in that direction. This affects the loading on blade -1, making
the shock from the leading edge of blade 1 stronger. It is hard to distinguish a quantitative
change by viewing the pressure flood.
To further examine the pressure loading on the blended blade, Figure 7.2 shows the
mode zero pressure on the pressure and suction surfaces at 90% span for all of the cases.
The primary changes on the pressure surface occur on near the leading edge. In general in
that area, the loading decreases as the size of the blend is increased.
On the suction surface, the biggest fluctuation is between 15% and 40% axial chord.
The unblended case makes a smooth transition while the blended blades have a sinusoidal
shape. The amplitude and location of the sine wave is dependent on the size of the blend
with the amplitude increasing with the size of the blend and the location shifting further
away from the leading edge as the size of the blend increases.
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Figure 7.2: Mode 0 Pressure profiles at 90% span on the pressure and suction surfaces of
blade 0.
7.1.2 First Harmonic
The time averaged data was good for comparing to the steady state data, but it does not
capture the unsteady effects induced by the wake. The first harmonic data was used for
the unsteady analysis. Because three modes were were used in the rotor section, there
is data for the first three harmonics available. However, most of the unsteadiness was
captured in the first harmonic with the second and third harmonics having increasingly
small magnitudes. When examining the unsteady data it is different than the steady state
and zeroth harmonic solutions. Pressure was the primary parameter used to examine the
unsteady solutions.
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Figure 7.3: Harmonic balance mode 1 pressure at 90% for Case 4.
Examining Fig. 7.3 shows the profile is very different and the magnitude is much
smaller than the steady state flow field. With the small magnitude it is a little harder to pick
out the differences from blade to blade. One area noticed is on blade -1 where there are
some changes happen behind the shock.
Figure 7.4 shows the mode 1 pressure magnitude on the rotor blade pressure and
suction surfaces at ninety percent span. The blades depicted in this graph are the blended
blade, blade 0, from each of the five cases. For the pressure surface, there are some definite
discrepancies between the five cases which is expected on the blended blade. The main
unsteadiness is just behind the leading edge, by mid chord there are minimal variations
caused by the various blendings on the pressure surface results.
For the suction surface in Fig. 7.4 there is a larger unsteadiness effect between the
different cases. The unsteadiness is seen from 5% to 40% axial chord, there is nearly
a 20% difference from case 4 to case 0 at 25% axial chord. There is not any systematic
pattern that would suggest a linear trend to the mode 1 pressure magnitude profile as shown
in the mode 0 results.
Figures 7.4(a) and 7.4(b) show the effects on the blended blade; however, investigating
the effect of the blend presence on nearby blades is critically important also. The pressure
and suction surfaces on blade +1 is shown in Fig. 7.5. This is the blade immediately before
the blended blade. Not surprisingly there is very little change on the pressure surface as
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Figure 7.4: Mode 1 Pressure profiles at 90% span on the pressure and suction surfaces of
blade 0.
it is upstream of the blend. The suction surfaces shows a lot more variation between the
different cases. This is where the shock from the leading edge of the blended blade is
hitting blade +1.
On the other side of the blended blade is blade -1. Figure 7.6 shows the mode 1
pressure magnitude profiles on the pressure and suction surfaces of blade -1. Here the
shock does not directly hit the blade surface; however, being in the immediate wake of
the blended blade causes greater unsteadiness. The effects are not isolated to one side of
the blade, like blade +1. Therefore, big changes toward the leading edge on the pressure
surface are evident. This is the same area in the pressure flood in Fig. 7.3 where the pressure
fluctuated behind the leading edge. As the blend increases in size, the peak drops and
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Figure 7.5: Mode 1 Pressure profiles at 90% span on the pressure and suction surfaces of
blade +1.
shifts to further away from the leading edge. On the suction surface, the variance is again
contained toward the leading edge. Unlike the pressure surface, the variation on the suction
surface is much smaller.
Much of the distinguishable changes between the different cases are on these three
blades. To get a better understanding of the changes in the pressure profile it is easier to
analyze more than just one span. Figure 7.7 shows the full surface pressure profiles from
the pressure surface of blade -1 to the suction surface of blade +1 in order as they appear
from left to right in the rotor. The images shown are all from case 4 and indicate the
maximum blend studied.
For comparison the pressure and suction surfaces from the unblended case blade 0 are
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Figure 7.6: Mode 1 Pressure profiles at 90% span on the pressure and suction surfaces of
blade -1.
(a) Blade -1 Pressure (b) Blade 0 Suction (c) Blade 0 Pressure (d) Blade +1 Suction
Figure 7.7: Harmonic balance mode 1 pressure magnitude on the blade surface from the
suction side of blade +1 to the suction side of blade -1 for Case 4.
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shown in Fig. 7.8. Comparing the case 4 data to the case 0 data, some big changes are
evident. The biggest changes are on the suction surface of blade 0 and the pressure surface
of blade -1. As in the steady state blade profiles there are two faint shocks emanating from
the blended area on blade 0. These shocks appear on the pressure surface of blade -1 as
well. A closer look at the unblended pressure surface shows there are two corresponding
streaks to match in Fig. 7.7(a). The streaks on the blade in the unblended model are much
less defined.
(a) Blade 0 Suction (b) Blade 0 Pressure
Figure 7.8: Harmonic balance mode 1 pressure on unblended blade 0 from case 0.
Finally, a sectional loading calculation was done at the 90% span. This was calculated
differently than the sectional loading discussed in the steady state solutions. The pressure
at harmonics other than mode zero are separated into real and imaginary components and
both need to be used. The real and imaginary components are then summed to get the
magnitude of the loading at the 90% span location. The results of the sectional loading
calculation are presented in Fig. 7.9. The results were normalized to the average value
from the seven blades in the unblended case.
There are some interesting results in Fig. 7.9. First the magnitude of the variation is
much higher compared to the steady state variables with the peak almost 20% higher than
the average. In addition, the blade with the biggest range of values is blade +1. Similar to
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Figure 7.9: Sectional loading calculated at 90% span using mode 1 pressure.
the previous analysis, most of the variation occurred on blades 0 and -1. Also, blades 0 and
-1 appear to have minimal unsteady effects with less than 5% difference between the max
and min. The sectional loading presented here is loosely representative of a modal force
calculation. Ekici et al. experience similar maximum changes of roughly 20% compared
to the unblended equivalent [11].
7.2 2 Engine Order Wake
After the completion of the eighteen engine order analysis the two engine order (2EO) cases
were investigated. Again the harmonic balance simulation was started from the converged
steady state simulations. Much like the 18EO case the first simulation to be analyzed was
the unblended case.
Considering the operating point parameters, there are only small changes from the
steady state to the harmonic balance results. Examining (Table 7.3 reveals the mass flow
rate for the 2EO case is slightly closer to the steady state values in Table 7.1 as compared
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to the 18EO data in Table 7.2. However, the percent difference of the inlet and outlet mass
flow rate is two orders of magnitude higher than the steady state data compared to the one
order of magnitude in the 18EO results. This is still a reasonable level of convergence, but
is not quite as good. The lower level of convergence is likely due to the strength of the wake
defect. This shows how the introduction of the wake slightly changes the overall average
operating point.
Table 7.3: 2 EO Harmonic Balance flow variables
Mass Flow
Case Inlet (lb/s) Outlet (lb/s) % Diff PR
0- No Blend 60.55 60.48 1.14E-03 1.912
1- 2.2% Blend 60.55 60.48 1.14E-03 1.912
2- 4.4% Blend 60.53 60.46 1.23E-03 1.912
3- 6.5% Blend 60.52 60.45 1.14E-03 1.912
4- 8.7% Blend 60.49 60.42 1.22E-03 1.911
7.2.1 Zeroth Harmonic (Time Averaged)
Figure 7.10 shows the time averaged pressure flood for the case 4 2EO simulation at 90%
span. There is a different pressure distribution for the 2EO results when compared to the
steady state and 18EO simulations. But from the aspect of blade to blade variations caused
by the blade blending, the same areas are effected by the unsteady interactions.
Figure 7.10: Harmonic balance mode 0 pressure at 90% span for Case 4.
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The main changes are again surrounding the blended blade, blade 0. There is still
some subtle changes in the passage between blades 0 and +1 not in the other passages. On
the suction surface of the blended blade, there is still an area of high pressure behind the
leading edge.
To further examine the pressure loading on the blended blade, Figure 7.11 shows the
mode zero pressure on the pressure and suction surfaces for all of the cases on blade 0.
These profiles look similar to the 18EO results discussed previously. There are some small
changes on the pressure surface with the pressure slightly dropping as the size of the blend
increases.
As in the 18EO case on the suction surface, the biggest fluctuation is primarily be-
tween 15% and 40% axial chord. The area of higher pressure behind the leading edge
becomes stronger as the size of the blend goes up.
7.2.2 First Harmonic
Next the first harmonic data was examined. Figure 7.12 shows the unsteady pressure mag-
nitude profile is very different than the 18EO case shown earlier. The magnitude of the
pressure is almost doubled. The scale on the 18EO mode 1 image goes up to 2.5 psi while
the scale on Fig. 7.12 goes up to 4.25. The region of higher pressure magnitude covers a
greater portion of the blade passage indicating a much higher unsteady interaction. In be-
tween the blades 0 and +1 the shock structure is different compared to the other passages.
Also, there are discrepancies in the wake of the blended blade. The fluid area in front of
blade -1 and -2 differ from the areas not behind the blended blade.
Figure 7.13 shows the mode 1 pressure magnitude on the blade 0 pressure and suction
surfaces at ninety percent span. In these graphs, the changes in loading from the 18EO
simulations to the 2EO simulations is apparent. The biggest difference is the area of higher
pressure on the pressure surface. Figure 7.12 showed the pressure is much higher in this
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Figure 7.11: Mode 0 Pressure profiles at 90% span on the pressure and suction surfaces of
blade 0.
Figure 7.12: Harmonic balance mode 1 pressure at 90%.
area and this is confirmed between 30% and 40% axial chord. In addition, the peak un-
steady pressure magnitude is higher than the pressure at the leading edge. As far as the
variation between the blended cases, there is some change in between the leading edge and
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the area of high pressure.
Figure 7.13: Mode 1 Pressure profiles at 90% span on the pressure and suction surfaces of
blade 0.
On the suction surface, there is more unsteady variation than previously in the 18EO
cases. Between the leading edge and 45% axial chord, none of the profiles line up. Then
after the shock there is more variation between the cases but the shock location doesn’t
change with the degree of blending. The pressure after the shock is also much higher than
in the 18EO cases.
Figures 7.15 and 7.14 are used to investigating the effect of the blend presence on
blades +1 and -1. In Fig. 7.14 most of the unsteadiness is behind the shock on the suction
surface. The shock is propagating from the leading edge of the blended blade hence the
variation from case to case. There is very little variation on the pressure surface; however,
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Figure 7.14: Mode 1 Pressure profiles at 90% span on the pressure and suction surfaces of
blade +1.
the area of high pressure is not as strong- peaking at about 80% max pressure.
On the other side of the blended blade, blade -1, fig 7.15 shows the mode 1 pressure
magnitude profiles on the pressure and suction surfaces of blade -1. Although the shock
from the blended blade distributions directly impacting the blade like blade +1, being in the
immediate wake has some effects on blade -1. The biggest changes are directly behind the
leading edge on the pressure surface. On the suction surface there are only small fluctua-
tions from case to case, but the effects are over a wide area. From the leading edge to about
50% axial chord there are noticeable differences. There is also a small area behind the
shock at about 70% axial chord where there is a noticeable difference between the cases.
Much of the distinguishable changes between the different cases are on these three
blades. To get a better understanding of the changes in the unsteady pressure distribution,
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Figure 7.15: Mode 1 Pressure profiles at 90% span on the pressure and suction surfaces of
blade -1.
flood contours of the unsteady pressure magnitude is analyzed. For comparison, the pres-
sure and suction surfaces from the unblended case blade 0 are shown in Fig. 7.16. The
colors are representative of different unsteady pressure magnitudes, the units are Pascals.
By examining the unblended profiles, it is again evident how much different the load-
ing for the 2EO case as compared to the 18EO case. Not only are the values higher, but the
contours are different.
Figure 7.17 shows the full surface first mode unsteady pressure contours from the
pressure surface of blade -1 to the suction surface of blade +1 for case 4. Comparing the
case 4 data to the case 0 data, some big unsteady effects are found. The biggest changes
are on the suction surface of blade 0 and the pressure surface of blade -1. The two streaks
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(a) Blade 0 Suction (b) Blade 0 Pressure
Figure 7.16: Harmonic balance mode 1 pressure on unblended blade 0 from case 0.
(a) Blade -1 Pressure (b) Blade 0 Suction (c) Blade 0 Pressure (d) Blade +1 Suction
Figure 7.17: Harmonic balance mode 1 pressure magnitude on the blade surface from the
suction side of blade +1 to the suction side of blade -1 for Case 4.
coming from the blended area on the suction surface of blade zero in the steady state and
18EO cases has been reduced to one streak. There is only one corresponding streak on the
pressure surface of blade -1 and it does not have as much influence on the flow field as the
18EO cases. Also, the area of high pressure on the pressure surface of blade 0 in case 4 is
different than the unblended results. In addition, similar changes are evident for the high
pressure area on the suction side of the blended blade. Unlike the 18EO results, the 2EO
results have more unsteady interaction on the pressure surface than the suction surface on
blade +1.
A sectional loading calculation was accomplished at 90% span, Fig. 7.18. The plot
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was normalized to the average unblended values. A significant difference in the 2EO results
is the variation in the unblended sectional loading between the 7 blades used in the analysis.
The variation was nearly identical to the blended results which is not consistent with the
18 EO results. The 18EO results showed minimal variation. The analysis was checked
multiple times but was finally decided to be correct. Finally, the unsteady magnitudes
for the 2EO results are larger than the 18EO which when normalized result in smaller
percentage variations.
Figure 7.18: Sectional loading calculated at 90% span using mode 1 pressure.
The sectional loading graph shown in Fig. 7.18 is not similar to the 18EO equivalent
(Fig. 7.9). Due to the unblended results being so close to the blended, the maximum change
in the sectional loading is only 10% from the average compared to the 20% for the 18EO
wake. Blade +3 is the only one that shows any significant trend from case to case as the
loading drops as the size of the blend increases. Otherwise the other blades have a minor
amount of variation with blade blending less than a 5% change. The loading pattern from
blade to blade for the 2EO analysis is surprising and can’t be easily explained. Please note
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that the low normalized loading is not consistent with the higher absolute values, so it is
not possible to make any firm statement on the structural integrity of the fan.
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Conclusion
8.1 Summary
This thesis examined the effect of fan blade blending on the steady and unsteady aerody-
namic loading of a transonic turbofan rotor. Examining the results shows some definite
changes in the local flow physics. The shock profile and strength changes with the size of
the blend not just in the steady state, but in the unsteady realm as well.
The changes in the pressure profiles change the loading on the blades. The effects
are not just limited to the blended blade, but the surrounding blades as well. The goal was
to isolate the blend as much as possible to study the effects from one blend without the
interaction from the next blend due to the periodic boundary conditions. But even with
the precautions taken, every blade experienced at least a small amount of change as the
maximum sized blend was approached. The loading over each of the blades shown in the
steady state results revealed the largest change in steady blade loading is typically on the
blended blade. However, as the size of the blend increases, the changes on the other blades
increased. For the maximum blend case the blades experiencing the highest changes in
loading were actually blades -3 and +3. Compared to the unblended results the change in
loading was less than 2% higher or lower respectively.
The steady state sectional loading showed the effects on the blended blade are not only
limited to the tip region as there were changes near the root as well. Again the magnitude of
the changes were small with roughly a 7% change at the tip of the blended blade compared
to a 1.2% change near the root.
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For the unsteady results, the mode 0 and 1 pressure data was examined. The time
averaged, mode 0, results for the eighteen engine order case closely resembled the steady
state data. The pressure profiles show a distinct change in the shock pattern that follows
the size of the blend.
In the mode 1 pressure profiles, there was much more randomness in the pressure
fluctuations. When the sectional loading was examined at 90% span a change of nearly
20% was calculated on blade +1 of the maximum blend case. The 20% change in sectional
loading, although not a true modal force, is consistent with previous research studied.
For the steady state analyses there does not appear to be any changes to the aerody-
namic loading that poses a significant threat to the health of the rotor. A maximum steady
sectional loading change of 7% at 99% span on the blended blade for the maximum sized
blend case was predicted. The unsteady analysis found an 18% maximum change in un-
steady first mode sectional loading on the blade adjacent to the blended blade for the 18
engine order excitation at 90% span. Therefore, the potential for a serious aeromechanics
issue exists which requires an unsteady aerodynamic analysis to be performed. It is difficult
to determine the true aeromechanical effects without a coupled aerodynamics/structural
analysis, but this aerodynamic loading investigation suggests larger blends could be safely
used and should be analyzed Remember this study was limited to aerodynamic loading.
The change in the pressure profiles and the location of fluctuations could play a bigger role
when analyzed in conjunction with the structural dynamics which were not accounted for
in this thesis.
8.2 Future Work
This and other research on blending has traditionally separated the aerodynamic and struc-
tural aspects. To understand the full effect blending has on the the blades future studies
should combine the two. Many computational softwares allow the user to couple the aero-
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dynamic and structural solvers.
This thesis focused on isolating the blend. Intentionally not isolating the blend would
be a good topic of research to see how multiple blends interact with each other. Also, there
are many different sizes and shapes of blends. This thesis examined variations of a single
“dog-ear” style blend. Future studies should account for other styles of blends and different
combinations of shape, location and spacing.
Finally, this investigation points to increasing the amount of blending that is allowed.
The structural aspect needs to be analyzed, but the aerodynamic effects are not significant
based on this analysis.
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Appendix A
CPU Time
The table below shows the CPU time used for each simulation along with the mesh size.
The 18EO and 2EO harmonic balance simulations were started from the converged steady
state solutions and the CPU hours presented include the time it took for the steady state and
harmonic balance portions of the simulation.
Table A.1: Mesh cell count per case and CPU time
Mesh (millions) CPU Time (hours)
Case Rotor Stator Total Steady State 18EO 2EO
0- No Blend 35.4 2.3 37.7 9492 35035 26520
1- 2.2% Blend 35.3 2.3 37.7 9686 31368 35369
2- 4.4% Blend 35.3 2.3 37.6 8879 39537 39195
3- 6.5% Blend 35.4 2.3 37.7 7886 31881 35759
4- 8.7% Blend 36.0 2.3 38.3 6172 34753 31521
4- 8.7% Blend (10 blades) 51.0 2.3 53.3 11873 n/a n/a
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Appendix B
Steady State Residual Plots
All the residual plots for the steady state simulations are shown. All of the simulations
were ran to 17000 iterations with the exception of the ten blade model which only ran to
16250 iterations.
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Figure B.1: Case 0 residuals
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Figure B.2: Case 1 residuals
65
Figure B.3: Case 2 residuals
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Figure B.4: Case 3 residuals
67
Figure B.5: Case 4 (7 blades) residuals
68
Figure B.6: Case 4 (10 blades) residuals
69
Appendix C
Steady State 90% Pressure Profiles
The 90% pressure profiles are shown for all of the steady state cases.
Figure C.1: Case 0 90% pressure profile
70
Figure C.2: Case 1 90% pressure profile
Figure C.3: Case 2 90% pressure profile
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Figure C.4: Case 3 90% pressure profile
Figure C.5: Case 4 90% pressure profile
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Appendix D
18EO Harmonic Balance 90% Pressure
Profiles
The 90% pressure profiles are shown for all of the 18EO unsteady cases on the pressure
and suction surfaces.
D.1 Mode 0
D.1.1 Pressure Surface
Figure D.1:
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Figure D.2:
Figure D.3:
Figure D.4:
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Figure D.5:
Figure D.6:
Figure D.7:
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D.1.2 Suction Surface
Figure D.8:
Figure D.9:
76
Figure D.11:
Figure D.12:
Figure D.10:
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Figure D.13:
Figure D.14:
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D.1.3 Profile Per Case
Figure D.15:
Figure D.16:
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Figure D.17:
Figure D.18:
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Figure D.19:
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D.2 Mode 1
D.2.1 Pressure Surface
Figure D.20:
Figure D.21:
82
Figure D.22:
Figure D.23:
Figure D.24:
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Figure D.25:
Figure D.26:
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D.2.2 Suction Surface
Figure D.27:
Figure D.28:
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Figure D.30:
Figure D.31:
Figure D.29:
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Figure D.32:
Figure D.33:
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D.2.3 Profile Per Case
Figure D.34:
Figure D.35:
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Figure D.36:
Figure D.37:
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Figure D.38:
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Appendix E
2EO Harmonic Balance 90% Pressure
Profiles
The 90% pressure profiles are shown for all of the 2EO unsteady cases on the pressure and
suction surfaces.
E.1 Mode 0
E.1.1 Pressure Surface
Figure E.1:
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Figure E.2:
Figure E.3:
Figure E.4:
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Figure E.5:
Figure E.6:
Figure E.7:
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E.1.2 Suction Surface
Figure E.8:
Figure E.9:
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Figure E.11:
Figure E.12:
Figure E.10:
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Figure E.13:
Figure E.14:
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E.1.3 Profile Per Case
Figure E.15:
Figure E.16:
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Figure E.17:
Figure E.18:
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Figure E.19:
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E.2 Mode 1
E.2.1 Pressure Surface
Figure E.20:
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Figure E.22:
Figure E.23:
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Figure E.25:
Figure E.26:
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E.2.2 Suction Surface
Figure E.27:
Figure E.28:
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Figure E.30:
Figure E.31:
Figure E.29:
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Figure E.32:
Figure E.33:
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E.2.3 Profile Per Case
Figure E.34:
Figure E.35:
106
Figure E.36:
Figure E.37:
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